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ABSTRACT

The physiological processes in floral initiation can be divided into three steps: photoperiodic perception by cotyledons, translocation of induced floral stimulus to the shoot tip
where floral initiation takes place, and evocation that results
in the commitment of the meristem to form flowers. RNA
synthesis in cotyledons, in response to the inductive photoperiod, has been suggested as a necessary part of floral
induction in P. nil (1, 31). Recently, more direct molecular
approaches have been applied to the study of changes in
gene expression associated with the photoperiodic induction
of flowering. Both qualitative and quantitative differences
were found between translatable mRNAs isolated from cotyledons of plants kept in continuous light and from cotyledons of plants that received an inductive dark period (16).
To isolate genes whose expression in P. nil cotyledons is
regulated by a photoperiod that leads to flowering, we used
a differential screening procedure. We report the isolation,
sequence, and expression of one of the genes isolated by this
approach. We demonstrate that this gene is a member of a
multigene family and can potentially encode a low molecular
mass hsp4. Expression of one member of this family is regulated by heat shock and by light, and expression of a related
member is regulated only by heat shock.
MATERIALS AND METHODS
Plants
Pharbitis nil plants were grown at 230C for 5 d in coolwhite fluorescent light (145 gE m-2 s-1). At this time, they
were subjected to an inductive dark period of 12 or 14 h and
were subsequently kept in light for 2 h. The cotyledons were
excised, and RNA was extracted as described below. Plants
that received a red light night break were exposed to 20 min
of red light at the 7th hour of the dark treatment. Etiolated
seedlings were grown in complete darkness for 5 d.
Plants used for heat-shock experiments were grown in
continuous light. The cotyledons were harvested and submerged in a solution containing 1 mm potassium phosphate,
pH 6.0, and 1% sucrose at 400C (heat shock) or at 250C
(control) for a period of 2 h.
RNA Isolation
Total RNA from P. nil cotyledons was isolated by published
procedures (2). Poly(A)+ RNA was purified by chromatogra-

To isolate genes that are regulated by a photoperiod that promotes flowering in Pharbitis nil, a cDNA library representing mRNA
of induced cotyledons was screened by differential hybridization.
The DNA sequence of one cDNA clone isolated by this approach,
clone 12L, showed homology to plant small heat-shock protein
(hsp) genes. P. nil genomic clones hybridizing to clone 12L were
isolated, and the DNA sequences of two P. nil small hsp (shsp)
genes, shsp-1 and shsp-2, were determined. The derived amino
acid sequences of shsp-1 and shsp-2 showed maximum homology
to the 17.9-kD soybean hsp, a member of the class 11 cytoplasmic
hsps found in plants. A study of the expression of shsp-1 and shsp2 genes by RNase protection assay indicated that shsp-1 is induced
by photoperiod, by light treatment of dark-grown P. nil seedlings,
and by heat shock, and that shsp-2 is induced only by heat shock.
Analysis of the sequences of the nontranscribed region indicates
that both genes contain multiple heat-shock elements. The shsp-1
gene, in addition, contains sequences homologous to the GT-1binding site, which may play a role in its light-regulated expression.

Light is essential for the growth and development of plants.
In addition to its effect on photosynthesis, plants exhibit a
variety of responses to light at the level of gene expression.
Expression of some genes in response to an appropriate light
exposure is likely to be coupled to the process of photoperiodic induction of flowering in plants. Pharbitis nil (apanese
morning glory), a SD plant, is ideal for the study of the early
events of photoperiodic induction of flowering because
young light-grown seedlings can be induced to flower quantitatively by exposure to a single dark period of at least 10 h
in duration. A brief exposure to red light at approximately
the 8th h after the beginning of the dark period inhibits
flowering and this inhibition can be partially reversed by
treatment to far-red light. The reversibility of the flowering
response of P. nil seedlings to night break by a brief far-red
light treatment suggests the involvement of phytochrome in
the induction of flowering in this plant (3, 30).
l This work was supported by grants from the National Institutes
of Health (GM 42557) and the Agricultural Experiment Station of
the University of Minnesota. P.K. was a postdoctoral fellow of the
Plant Molecular Genetics Institute of the University of Minnesota.
2 Present address: Department of Plant Sciences, University of
Western Ontario, London, Ontario, Canada NGA 5B7.
3Present address: School of Biological Sciences, University of
Nebraska, Lincoln, NE 68588.

4Abbreviations: hsp, heat-shock protein; shsp, small heat-shock
protein; GuSCN solution, 6.25 M guanidinium isothiocyanate, 0.05
M Tris (pH 7.5), 0.01 M EDTA.
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Construction and Screening of a P. nil cDNA Library
Poly(A)+ RNA was isolated from cotyledons of P. nil plants
that were subjected to an inductive dark period of 14 h
followed by a 2-h light treatment (induced) and from cotyledons that were subjected to a similar treatment except for
a 20-min red light night break at the 7th hour (control). A
cDNA library representing poly(A)+ RNA from induced
plants was constructed in bacteriophage vector Xgt 10 (13),
and duplicate filters were screened with radiolabeled cDNA
probe prepared against induced and control RNAs. Four
clones representing mRNA whose expression was modulated
by the inducing photoperiod were purified and analyzed (6).

Construction and Screening of a P. nil Genomic Library
P. nil DNA was partially digested with restriction endonuclease Sau3A and was size fractionated on a 5 to 25%
NaCl gradient (18). DNA fragments, 15 to 20 kb in size, were
isolated, cloned into the BamHI site of bacteriophage XDASH
vector (Stratagene, Inc.), and packaged in vitro using a 'Gigapack Gold' packaging extract (Stratagene, Inc.). The genomic library was screened using cDNA clone 12L as the
hybridization probe (18). Eleven positive clones were isolated
from a screening of 3 x 105 plaques. To identify candidates
that are members of the 12L gene family, these phages were
rescreened with a 180-bp NdeI-EcoRI fragment containing
only the 3'-noncoding sequences. Of six phages that hybridized to this 3'-noncoding probe, three (X 1-1, X 4-2, and
X 5-1) were chosen for further study.

Characterization of the Genomic Clones
Phage DNA (2 .g) was digested with restriction endonucleases and subjected to electrophoresis on 0.8% agarose gels.
The DNA fragments were transferred to nitrocellulose by the
method of Southern (27). The membranes were probed with
the clone 12L or with a DNA fragment containing 3'-noncoding sequences to identify and orient restriction fragments
containing sequences homologous to the cDNA clone. Overlapping regions of the genomic clones were identified
by cross-hybridization and restriction analysis of different
subclones.
DNA Sequencing

DNA sequence analysis was performed by the dideoxychain termination method of Sanger et al. (23) using Sequenase (United States Biochemical). The shsp-1 gene, a subclone
derived from clone X 4-2, was sequenced by generation of

overlapping sequential deletions (Stratagene, Inc.). The shsp2 gene, derived from clone X 5-1, was sequenced using
appropriate restriction enzymes for generation of subclones
of overlapping DNA fragments.
RNase Protection

RNase protection analysis was carried out using the
method of Firestein et al. (7) with minor modifications. Radiolabeled RNA probes were synthesized by in vitro transcription of plasmids pPK10 and pPK21 with T3 and T7 RNA
polymerase, respectively. Plasmid pPK10 contains a 412-bp
SalI-XbaI restriction fragment encompassing the 5' end of the
shsp-i gene as an insert in plasmid vector pBS KS(-) (Stratagene, Inc.). Plasmid pPK21 contains a 357-bp EcoRI-HindIII
restriction fragment encompassing the 5' end of the shsp-2
gene as an insert in plasmid vector pBSII KS(+). After the in
vitro transcription reaction, the radiolabeled RNA probe was
precipitated with ethanol, and the pellet was resuspended in
180 uL of 5 M GuSCN solution. Radiolabeled RNA probe
(1-2 ng, approximately 1 x 105 cpm/ng) was mixed with
approximately 10 Ag of total RNA isolated from P. nil cotyledons, heated at 650C for 3 min, and allowed to hybridize
at 220C for 2 to 4 h. The hybridization mixture was diluted
with 400 AL of a solution containing 300 mm NaCl, 10 mM
EDTA, 30 mm Tris-HCl (pH 7.5), 50 Ag/mL of RNase A, and
1 ,ug/mL of RNase Ti. Samples were incubated at 370C for
15 min and at 300C for an additional 15 min. Freshly prepared proteinase K was added at a final concentration of 0.2
mg/mL, and samples were incubated at 370C for 30 min.
The digest was extracted with phenol:chloroform, and nucleic
acids in the aqueous layer were precipitated with ethanol.
The pellet was dried, resuspended in 5 ,uL of gel-loading
buffer (80% formamide, 10 mm EDTA), heated at 1000C for
2 min, and analyzed by electrophoresis on a urea-polyacrylamide (6%) sequencing gel.

Primer Extension
Primer extension analysis was performed as described by
Ausubel et al. (2). An end-labeled oligonucleotide, complimentary to an 18-base stretch of the coding strand (5'CAGCAGCGCGCCTTCTCG-3', residues 574 to 591, Fig.
4A) was hybridized to 10 ,ug of total RNA isolated from heatshocked or nonheat-shocked P. nil cotyledons at 420C for 14
h. The primer was extended using unlabeled deoxynucleotides and murine leukemia virus reverse transcriptase (BRL).
The resulting DNA product was analyzed on a denaturing
urea-polyacrylamide sequencing gel.

Other Procedures
Radiolabeled DNA probe was prepared by the random
primer method (5). Hybridization of RNA and DNA were
performed according to established procedures (18).
RESULTS
Isolation and Expression of a Photoperiod-Inducible Gene
To isolate genes whose expression is controlled by an
inductive photoperiod that leads to flowering in P. nil, a
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phy on an oligo(dT)-cellulose column. Total RNA for RNase
protection analysis was isolated by a GuSCN method (7) with
minor modifications. Tissue (2 g) was powdered in liquid
nitrogen and homogenized in 10 mL of phenol and 8 mL of
GuSCN solution. The mixture was extracted with 10 mL of
chloroform, and the aqueous layer was precipitated with
ethanol. The pellet was washed with 5 mL of 3 M sodium
acetate, pH 5.2, to remove carbohydrates, DNA, and tRNA.
The RNA pellet was resuspended in 0.4 mL of 5 M GuSCN,
and 10 ,ug of total RNA was used for RNase protection assays.
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Figure 1. Hybridization of 12L cDNA clone to northern blots of P.
nil cotyledon poly(A)+ RNA. P. nil cotyledon poly(A)+ RNA (400 ng)
was subjected to electrophoresis on a 1% agarose-formaldehyde
gel, blotted onto a Nytran membrane, and hybridized with 32p_
labeled 12L probe (specific activity, 1-3 x 101 cpm/,ug). RNA was
isolated from cotyledons that received: lane 1, 12-h dark treatment;
lane 2, 14-h dark treatment; lane 3, 14-h dark plus 2-h light treatment; lane 4, red light night break in the middle of 14-h dark
treatment plus 2 h of light. The size of the transcript is indicated in
nucleotides (nt).
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Figure 2. Southern blot analysis of P. nil DNA. Total genomic DNA
from P. nil was digested with EcoRI (lane E), HindIll (H), and Sad
(S), subjected to electrophoresis on a 1% agarose gel, and analyzed
by Southern blot hybridization using 32P-labeled 12L cDNA as a
probe. The sizes of standard DNA fragments (in kb) are indicated
on the left.

suggesting that some members of the family may lie close to
one another in the P. nil genome.
Isolation and DNA Sequence Analysis of Two
Genomic Clones
The existence of a multigene family complicates the analysis of gene expression when only a coding region probe is
available. Genomic clones of several members of the gene
family were isolated to allow more specific analysis of gene
expression using gene-specific probes in hybridization studies. Three genomic clones that hybridized to the 12L cDNA
insert and to a 3'-noncoding fragment derived from 12L
cDNA were isolated from this library. A physical map of two
of the clones, X 4-2 and X 5-1, is presented in Figure 3. The
third clone contained a segment of X 5-1 as an insert.
Southern blot hybridization analysis showed that X 4-2 contained one gene that was designated shsp-1. Clone X 5-1 was
found to contain two hsp genes, one of which was designated
shsp-2. The restriction map of X 4-2 was similar to that of X
5-1 in the region following the 3' end of shsp-1, but the
region 5' to the shsp-1 gene contained polymorphism of
restriction sites. It is unclear at present whether this difference
is due to the existence of a polymorphism at a single locus in
our population of P. nil plants or whether it indicates the
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cDNA library representing poly(A)+ RNA isolated from induced cotyledons was constructed in bacteriophage XgtlO (6).
This library was screened by a differential screening
procedure using radiolabeled probes representing mRNAs
from uninduced cotyledons (receiving a 20-min red light
night break at the 7th hour of a 14-h dark period followed
by 2 h of light) and induced cotyledons (receiving a 14-h
dark period followed by 2 h of light). DNA sequence analysis
of one of the clones isolated by this approach, clone 12L,
indicated that it encodes a protein homologous to low molecular mass hsps found in plants (for a review, see ref. 28).
Northern blot hybridization studies suggested that a gene
represented by or related to clone 12L was expressed in
cotyledons of plants that received a 14-h dark period followed
by a 2-h light treatment (Fig. 1, lane 3). The transcript was
estimated to be approximately 800 nucleotides in length. A
very low level of expression of this gene was observed in
control plants that received a red light night break in the
middle of an inductive dark period followed by a 2-h light
treatment (lane 4). No expression of this gene was observed
immediately after the end of a 14-h dark period (lane 2) or
after the end of a 12-h dark period (lane 1). Also, no expression of this gene was observed in the terminal buds of
induced or control P. nil seedlings, suggesting that the gene
is expressed in a tissue-specific manner. Dot blot studies of
RNA isolated from cotyledons collected at different times
following the dark treatment also showed that maximum
accumulation of mRNA corresponding to clone 12L occurred
2 h after the end of the dark period (data not shown).
The copy number of the gene represented by clone 12L
was estimated by Southern blot hybridization (Fig. 2). Under
high stringency, four strongly hybridizing bands were observed with P. nil genomic DNA digested with restriction
endonuclease EcoRI or HindIII, indicating that this gene is a
member of a multigene family. Digestion with restriction
endonuclease Sad produced two strong hybridization signals,
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Figure 3. Restriction map of P. nil genomic DNA clones containing small hsp genes. Coding regions are depicted as filled boxes in 5' -+ 3'
orientation (arrows). Selected restriction sites shown are: E, EcoRI; H, HindlIl. Restriction mapping and DNA sequence data were used to
assign the positions of shsp- 1 and shsp-2. The second potential shsp gene carried on clone X 5-1 has been assigned a position similar to that
of shsp- 1 of clone A 4-2.

presence of a different shsp gene on X 5-1. The regions
encompassing shsp-l and shsp-2 genes from clones X 4-2 and
A 5-1, respectively, were subcloned into plasmid vectors, and
the DNA sequence of the genes were determined (Fig. 4).
The shsp-1 gene contains an open-reading frame that can
encode a 155-residue polypeptide with a calculated molecular
mass of 17.0 kD (Fig. 4A). Upstream of the shsp-1-coding
sequence, several copies of the heat-shock element, nGAAn,
are found arranged in alternate orientation (underlined sequences). At least two such 5-bp units are required for highaffinity binding of the Drosophila heat-shock factor in vitro
(21, 26). A TATA box sequence, normally found 20 to 30
nucleotides upstream of the transcription start site of eukaryotic genes, is not obvious for the shsp-1 gene, although a
sequence TAAAT is present 21 nucleotides upstream of the
transcription start site (see below) and may function in the
correct initiation of transcription of this gene. An interesting
feature of the 5'-flanking sequence of shsp-1 is the presence
of two potential GT-1 nuclear factor-binding boxes, 230
nucleotides upstream from the start of transcription, at positions 163 to 169 and 194 to 199 (underlined in Fig. 4A).
Similar sequences have been implicated in the light-regulated
expression of some plant genes (9, 15, 24).
Comparison of the DNA sequences of shsp-1 and shsp-2
with the sequence of cDNA clone 12L indicated that shsp-1
is identical with clone 12L. Based on this comparison, the 3'
end of the shsp-1 mRNA has been placed at residue 1122,
which is preceded by a consensus polyadenylation signal
AATAA at position 1108 to 1112. A similar sequence is also
present at position 1014 to 1018.
The shsp-2 gene can encode a polypeptide of 167 amino
acid residues with a calculated molecular mass of 18.4 kD
(Fig. 4B). Like shsp-1, several potential heat-shock elements
are found in the noncoding region of shsp-2 gene; however,
within 340 nucleotides upstream of the translation initiation
codon of shsp-2 gene, no GT-1-like element could be found.
An interesting feature of this gene is the presence of a stretch

of dinucleotide repeats, 15 CT repeats followed by 14 AT
repeats (underlined region), located 83 nucleotides upstream

from the translation initiation codon. The role of these sequences, if any, is currently not known. Regions of AT and
CT repeats that correlate with nuclease S1-sensitive sites have
been detected in the 5'-flanking regions of other hsp genes
(17, 19, 22).
Identification of the Transcription Initiation
Site of shsp-l mRNA
To determine the transcription start site of the shsp-1 gene,
a deoxyoligonucleotide complimentary to residues 574 to 591
(Fig. 4A) was synthesized. Following radiolabeling, the
deoxyoligonucleotide was hybridized to total RNA isolated
from P. nil cotyledons and extended with reverse transcriptase, and the extension products were analyzed by ureaPAGE. Results presented in Figure 5 show that an extension
product of 160 nucleotides was synthesized as the major
product with RNA isolated from heat-shocked cotyledons. A
similar signal was not obtained with RNA isolated from
control (nonheat shocked) cotyledons or with tRNA (not
shown). A second minor band representing an extension
product of 141 nucleotides was seen in both heat-shock and
nonheat-shocked lanes. This, most likely, is the result of the
primer hybridizing to another RNA species in the samples
because a band corresponding to it was not observed when
a second primer (complimentary to residues 496-513) was
used in our studies (data not shown). From these results it is
estimated that transcription of the shsp-1 gene initiates at
residue 431, 62 nucleotides upstream of the first ATG
codon (indicated with an arrow). The extension product
obtained with the second primer further confirmed the site
of initiation of shsp-1 transcription.
Comparison of Derived Polypeptide Sequences
Encoded by shsp-l and shsp-2
The polypeptides encoded by shsp-1 and shsp-2 are h,mologous to each other and exhibit 63% residue identity and
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80

90

CGACCGAATT TGGTAGATTG
AACCTTAAAA AACAGACGAT
160

150

GAGGACCAAA

CAAATAGACA

50

60

70

130
110
120
ATTACATATA TATCCTCAAA AATCATAGTC

AACAAACGGT

200
ATTGGTTAAA

ATTGAAAGTC

30

40

CTTTCGGCAG TGGATTCAAA TGTAACAATG TGGTCTGGMA ATACAACCGG
100

TGACCATGAA

180
170
TTGTGTTAAA GTTACAAAGT

190

TAAGGACTTA

320

310

300

ACTAGTACAC TCTAGAATTG TTTAGAAACT

360

C

390
380
TTTCCTTT CTCCAGAAAC

370

HSE

260

GATGGACCAT TTTGGGTATT

270
280
TACTCTTTTA AAAAAGTTAG

350

340

330

GAACTGGGTC CAAGCTAGCA TTTTGAAGAT
400
TTCTTCTTCC

410

420

TACATAAATC

CCAATCTCCT

b-HSE-4

430
440
450
460
470
480
490
CAGCTCTTTC AATCACGTCA GCTAACATTC CAATTTCAAT TCGCGAAATA CCACAAAACA CACTGTTGAA
t

499

GAA ATG

MET

GAT TTG AGG
Asp

Leu Arg

508

517

526

535

544
TTG ATG GGT TTT GAT CAC CCG CTC TTC CAC CAC ATC ATG
Lou MET Gly Ph. Asp His Pro Leu Phe His His Ile MET

B

20
30
40
10
50
60
70
TGTTACTTTC CTTTCATATT ATAACAAATT GATCGATTTT GGATATAGCT TTAAATCTTA TTCCAGAACA

HSE >
120
130
140
AACAGGACAG ATCATTCCTC TCTGATCTCC
4HSEi0
-

80
90
110
100
TCCTTTTTAT CATGGTCTAA CCCATTCTTG ATTATTCCAG

150
160
170
180
190
200
210
AAAAGCAGAA ATATTCATTT TCATAAACCA GAAGCTTCTG GCAACTCCAC TCCCTTCTCT CTCTCTCTCT

oNHSE

ISxCT

220
230
240
250
260
270
280
CTCTCTCTCT CTCTCTATAT ATATATATAT ATATATATAT ATATACAACT TCATCTACTT GTGGAAGTCG

14XCAT

290
300
310
320
330
340
ACAATCAAAA CCATCAAGCA ATTAGCTTTA AGATCGAAGC ATCATTTACC TAAATAA ATG GAT
MET Asp

553
562
571
580
589
598
GAC TAC GCC GGC GAC GAC AAG TCA TCC AAC AGC AGC GCG CCT TCT CGG ACG TTT
Asp Tyr Ala Gly Asp Asp Lys Ser Ser Asn Ser Ser Ala Pro Ser Arg Thr Phe
607

ATG
MET

616

ACC CCG

GCG GAC GTG AAG GAG
Val Lys Glu

Thr Pro Ala Asp

661
670
679
688
AAC TCC TAC GTC TTC ATC ATA GAC ATG CCG GGG CTG
Asn Ser Tyr Val Phe Ile Ile Asp MET Pro Gly Leu

715

724

769

778

643

634

625

CTG GAC GCC AAG GCA ATG GCA GCC
Leu Asp Ala Lys Ala MET Ala Ala

733

367
376
385
358
394
CTC AGG AAC TTT GGC TTA TCC AAC TTC GGG TTA GAA CCG CAG CTC CTC TCA ACC
Leu Arg Asn Phe Gly Leu Ser Asn Phe Gly Leu Glu Pro Gln Lou Lau Ser Thr
349

652

TAC CCA

403

Tyr Pro

697

GCG GAG GAG AAG GAG GGG GCG AAG
Glu Glu Lys Glu Gly Ala Lys
823

TTA

ATG AGG AAG

Leu MET

TTT

Arg Lys Phe
877

787
TAT GTG
Tyr Val

805

AGG ATG GAG AGG AGG GTG

832
841
850
CTG CCG GAA AAT GCG AAT AAG
Val Leu Pro Glu Asn Ala Asn Lys
886

895

931

CCG
Pro

AAG AAG
Lys Lys
988

CCA
Pro

AGG

940
ACC

ATT GAG GTC

904

949

Arg Thr Ile Glu
998

Val

958
AAA

1058

1068
AAGGAGTTTC

1128

1138

ATTGATGGAA AGTAGTGATT
A

1198

1208

814
GGG AAG

565
574
583
592
601
610
GGG GTA AAG GCC GCG GAA ATC AAG GTC CAG GTG GAG GAC GAC AAC GTT TTG GTG
Gly Val Lys Ala Ala Glu Ile Lys Val Gln Val Glu Asp Asp Asn Val Lou Val

859

868

913

922
CCG CCG GAA
Pro Pro Glu

619
628
637
646
655
664
GTG AGC GGG GAG CGA ACG GAG AGG GAG AAA GAC GAG AAG GAT GGG GTG AAG TAT
Val Ser Gly Glu Arg Thr Glu Arg Glu Lye Asp Glu Lys Asp Gly Val Lye Tyr

968

673
682
691
700
709
718
TTG AGG ATG GAA CGG AGG GTG GGG AMG TTT ATG AGG AAA TTT GTG CTG CCG GAG
Leu Arg MET Glu Arg Arg Val Gly Lys Phe MET Arg Lye Ph. Val Leu Pro Glu

978

736
745
754
727
763
772
AAT GCC AAC GTG GAG GCG ATA AAT GCG GTT TAT CAG GAC GGG GTG TTG CAG GTG
Asn Ala Asn Val Glu Ala Ile Asn Ala Val Tyr Gln Asp Gly Val Leu Gln Val

ATT GGT TGAGATGATG AGCATATGCA

Lys Ile Gly

1008

1018

1028
1038
1048
TTGTGTTTTT AAATGTGATG CACAATATAA

1078

1088

1098
ATACGTGTTT

CTATATATAA_ATAATAGTTT

1168

1178
1188
CCTTGAAACA CCTTTGACTC

TCTAGTTATG AGTGCTCTGT TTTCCTTGCG TGATOQ?J
TGTATGTTGG

511
520
529
538
547
556
CCG GCG GAC GTG AAG GAG TAT CCG AAT TCC TAC GTG TTC ATC GCG GAC ATG CCG
Pro Ala Asp Val Lys Glu Tyr Pro Asn Ser Tyr Val Phe Ile Ala Asp MET Pro

GAG AAG ATC ACG GCG
Glu Lys Ile Thr Ala

GTT TGC CAG GAT GGG GTG TTG ACG GTG ACG GTG GAG AAC GTG CCG
Val Cys Gln Asp Gly Val Leu Thr Val Thr Val Glu Asn Val Pro

TGTTGGTTTT AATGAGGAAA
1158
1148
GAAAATATCC

1218

ATAATGAAAC CTTCGCACAT
1228

448

457
466
475
484
493
502
CAG AAC AAC CCA TCC CGG GCC TAC GTC CGG GAC GCG AAG GCG ATG GCA GCG ACC

Arg MET Glu Arg Arg Val Gly Lys

GTG

439

760

751

796

430

Gln Asn Asn Pro Ser Arg Ala Tyr Val Arg Asp Ala Lys Ala MET Ala Ala Thr

GTG CAG GTC GAC GGC GAC AAC GTG TTG AGT ATT AGC GGG GAG CGG AAG CGT GAG
Val Gln Val Asp Gly Asp Asn Val Leu Ser Ile Ser Gly Glu Arg Lys Arg Glu
Ala

421

706

AAG TCC GGC GAC ATC AAG
Lys Sr Gly Asp Ile Lys

742

412

ATC CAA GAC ATG CTC GAC TTC GCC GAC GAC CAC GAC AAG CCG GCC GGG CCC CAC
Ile Gln Asp MET Leu Asp Phe Ala Asp Asp His Asp Lys Pro Ala Gly Pro His

1108

1118

1238

CATGGAAGTG GATGGATGAA TGGGATTTCA TGCATGACTT TAAAAGATAG GTAGA

781
790
799
808
817
826
ACG GTG GAG AAA TTG CCG CCG CCG GAG CCG AAG AAG CCA AAG .ACA GTT GAA GTC
Thr Val Glu Lys Leu Pro Pro Pro Glu Pro Lys Lys Pro Lys Thr Val Glu Val
835
851
861
871
881
891
AAG GTT GCG TAG GATCGGAGAA GAAAAAGTGG AATGCATATA TGTATGTGTA ATGTAATGTG
Lys Val Ala
901

TTTCACGGAG TAGAG

Figure 4. The nucleotide and derived amino acid sequences of shsp-l and shsp-2. A, The putative TATA box, the heat-shock-like elements
(HSE), GT-1 box-like sequences, and potential polyadenylation signals of shsp-l are underlined. The major site of transcription initiation, as
determined by primer extension analysis, is indicated by an arrow. The polyadenylation site was derived from DNA sequence analysis of the
cDNA clone 12L and is indicated by an arrowhead. B, The presumptive heat-shock elements (HSE) and the CT and AT dinucleotide repeat
sequences of shsp-2 are underlined. Arrowheads at the presumptive heat-shock elements indicate head-to-head (nGAAnnTTCn) or tail-totail (nTTCnnGAAn) orientation of the units. (GenBank accession Nos. M99429, M99430.)

1 0% conservative substitutions (Fig. 6). An interesting feature
of the two polypeptides is the high divergence in the Nterminal third of the proteins (60% mismatch). Comparison
of these sequences to those in the Swiss-Prot Protein Data
Base revealed maximum homology to a 17.9-kD soybean hsp
(22), a member of the class II cytoplasmic shsps found in
plants (28). The three sequences show high homology in the
C-terminal two-thirds of the proteins, whereas maximum
divergence is seen in the N-terminal ends (Fig. 6). The derived
amino acid sequences of shsp-1 and shsp-2 were found to
exhibit 72 and 67% residue identity, respectively, with the
17.9-D soybean hsp and 39 and 41% residue identity, respectively, with the 17.5-E soybean hsp, a member of the
class I cytoplasmic shsps found in plants (Table I).

Expression of shsp-l and shsp-2 Genes by RNase
Protection Analysis
Our northem hybridization studies showed that expression
of a gene(s) represented by clone 12L is regulated by light
(Fig. 1). However, because a coding region probe was used
in this analysis, the question remained whether shsp-1 or a
related member(s) of the shsp gene family was responding
positively to light. To determine whether shsp-1 mRNA level
changes in response to light, we monitored its expression
using a shsp-1 gene-specific probe derived from the 5'flanking region and a part of the coding region in an RNase
protection assay (Fig. 7, top). The shsp-l gene responded
positively to light when a dark treatment (12 or 14 h) pre-

Downloaded from https://academic.oup.com/plphys/article/100/4/1772/6087345 by Louisiana State University user on 12 October 2021

290

TTAGGGTAGT
CC

250

240
230
TTGTGAATTT AACTATAGTC

220

210

GT-1

GT-1

GATGACCAAT

140

LIGHT-INDUCED EXPRESSION OF A SMALL HEAT-SHOCK PROTEIN GENE

A C G T

HS

C

SHSP-1
SOYBN

SHSP-2
SHSP-1
SOYBN

SHSP-2

1 MDLRLMG----FDHPLFH --- HIMD ------- YAGDDKSSNSSAPSRTFMLDAKAMAATPAD
I 11
1II I: :11: :: 11111111111
11:1:11
:: 1111
1 MDFRVMG-----LESPLFHTLQHMMDM---SEDGAGDNK TH NAPTWSYVRDAKAMAATPAD
1

::1 :
1:
11:1
11: 1:11 I 11
MDLRNFGLSNFGLEPQLLSTIQ---DMLDFADD-HDKPAGPHQNNPSRAYVRDAKAMAATPAD

53 VKEYPNSYVFIIDMPGLKSGDIKVQVDGDNVLSISGER-KREAEEKEGAKYVRMERRVGKLMR
l
lll
58 VKEYPNSYVFEIDMPGLKSGDIKVQVEDDNLLLICGER-KR-DEEKEGAKYLRMERRVGKLMR
:11:1
11 : 11 11 11 : III
I111111111
II II
62 VKEYPNSYVFIADMPGVKAAEIKVQVEDDNVLWSGERTEREKDEKDGVKYLRMERRVGKFMR
111 KFVLPENANKEKITAVCQDGVLTVTVENVPPPEPKKPRTIEVKIG

SOYBN

115 KFVLPENANTDAISAVCQDGVLSVTVQKLPPPEPKKPRTIQVKVA

44w

SHSP-2

1:11111111:111:::1111111111:11:

111111111 :11:11 11111

123 KFVLPENANVEAINAVYQDGVLQVTVEKLPPPEPKKPKTVEVKVA

Figure 6. Amino acid sequence alignment of shsp-1, shsp-2, and
1 7.9-kD soybean (SOYBN) hsp. Identities and conservative substitutions are indicated by vertical lines and colons, respectively.
Dashes indicate gaps introduced to maximize homology between
sequences. The alignment was generated with Genalign program
of Intellegenetics, Inc.

a

Figure 5. Identification of transcription initiation site of shsp-1 by
primer extension. RNA from P. nil cotyledons was hybridized to
32P-labeled deoxyoligonucleotide primer and extended with reverse
transcriptase, and the extension products were analyzed on a
denaturing urea-polyacrylamide sequencing gel. Arrow indicates
the major extension product. Lanes A, C, G, and T represent
dideoxy-sequencing reactions of M13 mp18 DNA. Lane HS, RNA
isolated from cotyledons subjected to 2 h of heat treatment at
40°C; lane C, RNA isolated from cotyledons maintained at 22°C.

ceded tie 2-h light treatment (lanes 12D + 2L and 14D +
2L). This gene was not expressed when plants grown in
continuous light were subjected to a 14-h dark treatment but
no light treatment following the dark treatment (lane 14D),
when plants were grown in continuous light (lane CL), or
when plants were grown in complete darkness (etiolated
plants, lane Et). The expression of shsp-1 was also induced
when dark-grown plants were subjected to a 2-h light exposure (lane Et + 2) and strongly induced when cotyledons
were subjected to a heat-shock treatment (lane HS). No
significant difference in the expression of shsp-1 gene was
observed in plants that received a red light night break in the
middle of an inductive dark period relative to the plants that
received an uninterrupted dark period, which suggests that
the signal obtained in our northern blot studies corresponds
to a strongly light-induced shsp gene, different from shsp-1,
whose expression is also inhibited by the red light night

break. These results together suggest that the expression of
the shsp-1 gene is dependent on light treatment following a
dark treatment and is not restricted to conditions that induce
flowering in P. nil.
Similar studies using a gene-specific probe for the shsp-2
gene indicated that this gene is induced by heat-shock but
not by light (Fig. 7, bottom). Two protected RNAs differing
by seven nucleotides in length were observed, indicating that
shsp-2 probably utilizes two different transcription initiation
sites. Analyses of the same RNA preparations with genespecific probes for shsp-1 and shsp-2 indicate that in response
to heat shock the shsp-1 gene is more strongly induced than
the shsp-2 gene (Fig. 7, bottom, lanes 1 and 2); however, an
exact comparison of the levels of expression of the two genes
cannot be made because of the use of two different probes.

DISCUSSION
Flowering in P. nil is controlled by photoperiod. To isolate
whose expression is modulated by a photoperiod that
leads to flowering in P. nil, a differential screening procedure
was used. Although our initial expectation was that transcripts whose abundance is altered by an inductive dark
period might represent genes involved in the flowering process, our results suggest that some of these changes may be
caused by the photoperiod per se and may not directly relate
to the flowering process. One clone whose corresponding
transcript was inducible by an inductive photoperiod was
found to be homologous to the shsp genes of plants (Figs. 1
genes

Table I. Amino Acid Sequence Relationship between shsps
Percentage of Amino Acid Identity

shsp-1
P. nil shsp-1
P. nil shsp-2
G. max hsp 1 7.9-D
G. max hsp 17.5-E

63
72
39

shsp-2
63
67
41

hsp 17.9-D
72

hsp 17.5-E
39

67

41
38

38
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Figure 7. Analysis of shsp- (top) and shsp-2 (bottom) expression
by RNase protection assay. Procedures were as described in the
"Materials and Methods." RNA was isolated from cotyledons that
received a heat-shock treatment (lane HS), plants grown in continuous light (lane CL), etiolated seedlings (lane Et), etiolated seedlings
that received a 2-h light treatment (lane Et + 2L), plants that received
a 14-h dark treatment (lane 14D), plants that received 14 h of dark
plus 2 h of light treatment (lane 14D + 2[), and plants that received
12 h of dark plus 2 h of light treatment (lane 12D + 2L). Top, The
shsp-1-specific RNA probe used is 450 nucleotides in length, and
the protected RNA, indicated by an arrow, is 295 nucleotides in
length. Lane 1, A lower exposure of the HS lane. Lanes A, C, G,
and T represent dideoxy-sequencing reactions of M13 mpl8 DNA.
Bottom, The shsp-2-specific RNA probe used is 422 nucleotides in
length, and the protected RNAs, indicated by arrows, are 264 and
271 nucleotides in length. The faint band at the top represents
undigested probe. Lanes 1 and 2, Heat-shocked P. nil cotyledon
RNA probed with shsp-1 and shsp-2, respectively. The protected
RNA for the shsp- 1 gene is indicated by an arrowhead.

and 6). In plants, shsps represent a highly abundant and
heterogeneous group of proteins that range in size from 15
to 30 kD (28). Increasing the temperature of the organism
leads to vigorous transcription of most of these genes. The
results of the present study show that light is a regulator of
at least one member of a P. nil shsp gene family.
Our studies indicate that P. nil shsps, like their homologs
in other systems, are members of a multigene family. There
are at least four highly homologous members in P. nil as
judged by Southern blot hybridization studies (Fig. 2). The
DNA sequence of two of these members were determined
(Fig. 4). The shsp-1 and shsp-2 genes can potentially encode
polypeptides 155 and 167 residues in length, respectively.
Both proteins are homologous to each other (63% identity)
and to other shsps of plants. As commonly observed with
shsps (28), the homology between shsp-1 and shsp-2 is significantly higher in the carboxy-terminal two-thirds of the
proteins.
Analysis of the nontranslated sequences of the genes revealed the presence of multiple heat-shock elements in the
5' region. The role of these elements in heat-shock-induced
gene expression is well established (reviewed in ref. 26). It is
likely that the heat-shock element-like sequences present in
the 5 '-flanking regions of P. nil shsp genes carry out a similar
function. In addition to heat-shock elements, the shsp-1 gene
contains two GT-1 box-like sequences. GT-1 boxes, found to
be located upstream of genes encoding the small subunit of
ribulose-1,5-biphosphate carboxylase, have been implicated
in mediating the light-inducible expression of these genes (9,
15). A six-residue core sequence, GGTTAA, within one of
the GT- 1 boxes has been identified as essential for the binding
of GT-1 transcription factor in vitro (10). In this study, we
demonstrate that expression of shsp-1 is regulated by light as
well as by heat (Fig. 7). It is possible that the GT-1-like
elements present in the 5'-nontranscribed region of shsp-1
may function in mediating its light-inducible expression by
interaction with an appropriate transcription factor(s).
Recent studies indicate that the nuclear-encoded hsp22, a
chloroplast-associated hsp, and hsp7O in Chlamydomonas are
regulated by light at the level of transcript accumulation (11,
14). In pea, under heat-shock conditions, the abundance of
mRNA corresponding to some low molecular mass hsps was
found to vary during the day, indicating a circadian control
of their accumulation (20). Our own studies of a second hsp
homolog, P. nil hsp83, show that its expression is induced by
light (6). Thus, evidence emerging from these studies suggest
that light may be an important regulator of hsp genes in
plants and that the proteins encoded by these genes may
play important roles in light-mediated processes of plants.
Based on the mode of induction, the light-inducible hsp
genes can be grouped into two classes: (a) those that are
regulated directly by light, such as shsp-1 and hsp83 of P.
nil, and hsp70 of Chlamydomonas, and (b) those that are
regulated by light only upon heat shock, such as hsp22 of
Chlamydomonas and the pea hsps. A detailed characterization
of the regulation of hsps discussed above and of other lightregulated hsps identified in the future may define the different mechanisms that operate in the regulation of hsps by
light.
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To understand the significance of light-inducible hsps in
plants, an elucidation of the functions of these proteins will
be required. A function in protecting the photosynthetic
apparatus against heat and light stress has recently been
demonstrated for shsps that are transported into the chloroplast. In Chlamydomonas, the presence of hsp22 correlates
with the prevention of light-induced aggregation of the Dl
protein of PSII during the heat-shock process (25). The
function of the cytoplasmic shsps is not known; however,
the ubiquitous nature and the complexity of these proteins
argue that they have important functions under both stress
and normal growth conditions. Because of a high degree of
homology with the 17.9-kD soybean hsp, shsp-1 probably
belongs to the family of class II cytoplasmic hsps. Because
shsp-l is induced in etiolated seedlings following transfer of
the seedlings to light, a treatment that does not induce
flowering, and because its expression is not significantly
affected by a red light night break in the middle of an
inductive dark period, a treatment that inhibits flowering, it
is possible that this protein does not have a direct role in the
flowering process of Pharbitis. One possibility is that it plays
a protective role against light-induced damage of cytoplasmic
proteins in plants; however, this is not likely because, although expression of both shsp-1 and shsp-2 is induced by
heat shock, expression of only shsp-I is induced by light. On
the contrary, induction of shsps during developmental processes, such as fruit ripening, seed development, or meiosis,
suggests that these proteins have important, although yet
unidentified, roles in some plant processes (4, 8, 12, 29). A
structural or an enzymic role for shsps in light-mediated
development of plant cannot be ruled out at this time (reviewed in ref. 28). It will be of interest to elucidate the roles
of proteins such as shsp-1 in the future.
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